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Do LCRs Open Chromatin Domains? Minireview
key step in developing a complete model of how eukary-Douglas R. Higgs
MRC Molecular Haematology Unit otic genes are regulated and has important practical
implications for designing constructs that will direct fullyInstitute of Molecular Medicine
John Radcliffe Hospital regulated expression following experimental or thera-
peutic gene transfer.Headington, Oxford, OX3 9DS
United Kingdom Variations in the chromosomal environment are often
described by referring to the way in which the associated
DNA is thought to be packaged into chromatin. At pres-
ent we understand very little about the structure andResearchers interested in the regulation of gene expres-
sion in higher eukaryotes have become increasingly function of chromatin in vivo and often hide our igno-
rance by using terms such as ªopenº or ªclosed,º ªper-aware that this process may be greatly influenced by
the local ªchromosomal environment.º This is clearly missiveº or ªnon-permissive,º ªeuchromatinº or ªhetero-
chromatin.º In general, expressed genes lie in opendemonstrated in normal cells by X-inactivation and im-
printing when identical genes on homologous chromo- chromatin.
Experimentally, the chromosomal environment is de-somes, with apparently equal access to the same trans-
acting factors, are either active or inactive as a result fined indirectly and several interesting, but by no means
definitive, correlations have emerged. Open chromatinof cis-modifications in chromosomal structure and func-
tion. Similarly, chromosomal rearrangements, particu- is often cytologically uncondensed, is located near the
center of the interphase nucleus, and replicates early inlarly those that inappropriately juxtapose euchromatin
next to heterochromatin, may affect the expression of the cell cycle. The histones may be hyperacetylated and
CpG dinucleotides in the associated DNA are often un-genes located far from the breakpoints. Experimentally,
the influence of chromosomal environment on gene ex- methylated (Pazin and Kadonaga, 1997; Eden et al.,
1998). When analyzed with DNase I and other endonu-pression is most clearly seen in transgenic mice. Identi-
cal constructs may be expressed at different levels with cleases, open chromatin contains sites (200±600 bp)
that are two orders of magnitude more sensitive thandifferent patterns of tissue- and developmental stage±
specific expression when integrated at different chromo- bulk chromatin (DNase I±hypersensitive sites) (Stalder
et al., 1980) and long stretches of open chromatin maysomal sites in the mouse genome (reviewed by Palmiter
and Brinster, 1986). Understanding the mechanism(s) be up to 10-fold more sensitive than bulk chromatin
(general DNase I sensitivity) (Weintraub and Groudine,underlying chromosomal position effects represents a
Figure 1. The Structure of the Human and Murine b-Globin Clusters
(A) The LCR is shown as a yellow box. Numbers 1±6 indicate the upstream hypersensitive sites. Gray bars indicate the segments of DNA
removed in the deletions described in the text. The faint, horizontal green (embryo), blue (fetus), and red (adult) lines represent the developmental
stages at which the various genes are expressed.
(B) Human b-LCR-globin construct analyzed transgenic mice and properties conferred by the LCR.
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1976). At present, we do not understand the molecular Table 1. Proposed Mechanisms Contributing to LCR Function
basis for these altered states of sensitivity (reviewed in
· Creates a long-range (.100 kb) ªopenº chromosomalGross and Garrard, 1988). Closed, inactive chromatin
environment
tends to show the opposite patterns for all of the sum- · Prevents variegated heterochromatinization of the locus
marized features. A major difficulty in building models · Exerts an effect on selection of replication origins and timing
from these observations is that very few loci have been of replication
· Contains a chromosomal insulatorcharacterized with respect to all aspects of chromo-
· Forms a holocomplex that interacts dominantly, directlysome function; correlations are therefore general rather
and dynamically with individual b-globin promotersthan specific. Importantly, we do not know which of the
· Enters into cooperative binding interactions that keep the
differences between open and closed chromatin reflect promoter(s) free of histones
primary events regulating gene expression. · Changes subnuclear localization of the b locus
In addition to the well-characterized cis-acting ele- · Transcription of the LCR itself plays a role in regulating
gene expressionments (promoters and enhancers), the search is now on
· Provides an anchor for proteins involved in acetylationfor sequences through which the chromosomal environ-
of histonesment may be established, maintained, and modified.
· And combinations of these
These include specific and discrete origins of replica-
tion, elements that direct nuclear sublocalization, se-
quences that may nucleate or propagate specific forms b-LCR (Figure 1B) they are consistently expressed in a
of higher order chromatin structure, and sequences that tissue-specific manner at similar levels (per copy) to
define the boundaries of open and closed chromosomal the endogenous mouse globin genes. When correctly
domains. Presumably a segment of DNA containing all arranged, the embryonic fetal and adult globin genes
such elements would be unaffected by chromosomal are also expressed at appropriate developmental stages.
position. Unfortunately, fully characterized elements The most striking feature of these b-LCR-globin con-
controlling these aspects of chromosomal environment structs is that, within a limited range, expression is di-
in higher eukaryotes are much less abundant than the rectly related to copy number (copy number depen-
frequently published models proposing their existence. dence) regardless of the site of integration in the mouse
The b-Globin Locus Control Region (LCR) Can genome (position independence). The b-LCR is there-
Overcome the Confounding Effects fore the first reported element to consistently overcome
of the Chromosomal Environment all confounding effects of the chromosomal environment
in Transgenic Mice in transgenic mice (Grosveld et al., 1987).
The a- and b-globin gene clusters, which direct synthe- Since the discovery of the b-LCR at least ten more
sis of the respiratory pigment hemoglobin, are among bona fide LCRs associated with other genes have been
the most extensively studied of all eukaryotic multigene discovered demonstrating that these sequences are of
clusters (reviewed in Stamatoyannopoulos and Nien- general importance in the regulation of gene expression
huis, 1994; Higgs et al., 1998) and have provided the (reviewed in Kioussis and Festenstein, 1997).
first example of an element(s) that can overcome chro- How Might the LCR Overcome Position Effects?
mosomal position effects in transgenic mice. Over the past 15 years an extensive range of models
The human b-globin cluster consists of five erythroid- largely based on analysis of natural deletions and experi-
specific genes arranged along the chromosome in the ments in transgenic mice (Table 1 and summarized in
order in which they are expressed during development Figure 2A) have been proposed to explain how the LCR
(Figure 1). Upstream of the cluster there are five DNase might influence gene expression from its normal location
I hypersensitive sites (HS1±5, Figure 1) within a 20 kb and the tacitly related question of how it overcomes the
region referred to as the b-globin locus control region influence of chromosomal position in transgenic mice
(b-LCR). Each DNase I hypersensitive site corresponds (Table 1).
to the core region of separate elements containing Much of our thinking has been directed by the analysis
numerous binding sites for ubiquitous and erythroid- of the 35 kb Hispanic deletion (Figure 1A). A chromo-
restricted trans-acting factors. Current experimental some carrying this deletion was transferred from the
data suggest that the proteins bound to these elements lymphocytes of a thalassemic patient to mouse erythro-
act in concert, possibly forming a holocomplex (Bungert leukemia (MEL) cells. In contrast to a normal chromosome
et al., 1995; Milot et al., 1996). (Figure 2A), the b gene in the Hispanic chromosome is
The functional significance of the region upstream of transcriptionally inactive; sequences z100 kb upstream
the b cluster has been established by four rare deletions and downstream of the b gene are DNase I resistant
spanning the b-LCR that cause the classical hematologic and characteristic distant DNase I±hypersensitive sites
do not form. In addition, the locus replicates late in thefeatures of b-thalassemia. These deletions severely re-
duce expression of the normal b-like genes that remain cell cycle, using a different origin of replication from
normal (Figure 2B). It was concluded that a major effectintact in these chromosomes. The smallest natural dele-
tion (Hispanic, Figure 1A) removes just 35 kb including of the b-LCR both in its normal environment and in
overcoming chromosomal position effects in transgenicHS2±5 of the b-LCR. The simplest explanation for these
findings is that the b-LCR contains critical, positive cis- mice is to establish and maintain an ªopenº (i.e., DNase
I±sensitive), early replicating chromosomal domain, whichacting elements required for expression of all the b-like
globin genes (Forrester et al., 1987, 1990). in an undefined way enables the LCR, globin promoters,
and other cis-acting sequences to interact with tran-Experiments in transgenic mice are consistent with
this hypothesis; without the b-LCR, globin genes are scription factors and each other (Forrester et al., 1990;
Aladjem et al., 1995).expressed erratically, at low levels. When linked to the
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Figure 2. Models to Explain the Normal Role of the b-LCR and the Effects of Various Deletions
(A) Wild-type b-LCR.
(B±D) Deletions described in the text and in Figure 1.
ªClosedº chromatin is represented by a coiled structure and ªopenº chromatin by a loop. Late and Early refer to the timing of replication in
the cell cycle. The LCR (yellow), inactive genes (open boxes), and active genes (blue and red boxes) are shown. The arrow implies a direct,
dynamic interaction between the LCR and individual globin genes as described in Grosveld et al., 1998.
What Actually Opens the b-Globin Domain? open. Even when deleted prior to transfer, it forms an
Groudine and colleagues have recently revisited and open structure de novo. Therefore, it appears that the
refined their original observations (Epner et al., 1998 mouse LCR is not required for initiation or maintenance
[current issue of Molecular Cell ]; Reik et al., 1998). Using of the open chromosomal environment. In addition the
homologous recombination in DT40 cells they removed mouse bh1 globin genes are expressed in all K562 cells,
a 20 kb segment, included within the Hispanic deletion, albeit at very reduced levels. From these experiments
containing HS2±5 (Human D LCR; Figure 1A). The modi- they conclude that although the mouse b-LCR is neces-
fied chromosome was shuttled back to MEL cells by sary to obtain high levels of transcription from the mouse
microcell fusion. As expected this deletion completely b locus, other elements are sufficient for the open chro-
abolishes b-globin expression but the surprising result matin structure, basal transcription, and developmental
is that it has no effect on the maintenance of DNase specificity of the locus (Epner et al., 1998).
I±hypersensitive sites or general DNase I sensitivity (Fig- These experiments have addressed what role the
ure 2C). They conclude that although the b-LCR is re-
b-globin LCR plays in its native environment and the re-
quired for transcription of the b-globin genes, other se-
sults are unexpected. Essentially they compare the ef-
quences in the locus are sufficient to maintain an ªopenº
fect of three deletions but only one of them (Hispanic)chromosomal environment (Reik et al., 1998).
has been propagated through the germ line and it couldThe story becomes more complex when the murine
be that a chromosomal domain, lacking the LCR wouldequivalent of the human b-LCR is modified. Again using
only be completely silenced and ªclosedº by stable epi-homologous recombination, but this time in ES cells,
genetic modification during development in a way thatthe equivalent of HS1±5 and a newly identified site HS-6
is not mimicked during ES differentiation. It will thereforewere removed from the endogenous mouse locus
be very important to see how the LCR knockout behaves(Mouse D LCR, Figure 1A). In undifferentrated ES cells
in established lines of mice.the b locus is in a DNase I±resistant conformation. After
If this produces the same result as the chromosometransfer by microcell fusion to a human erythroleukemia
transfer experiments, it would show that in the native,cell line (K562), one would expect it to assume a DNase
human cluster changes in general DNase I sensitivityI±sensitive (open) structure. The new experiments show
can occur in the absence of transcription and withoutthat when the b-LCR is deleted by Cre-mediated recom-
bination after transfer to K562 cells, the locus remains the b-LCR. Groudine and colleagues suggest several
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Eden, S., Hashimshony, T., Keshet, I., Cedar, H., and Thorne, A.W.possible explanations of which the simplest and poten-
(1998). Nature 394, 842.tially most important is that chromatin opening is medi-
Epner, E., Reik, A., Cimbora, D., Telling, A., Bender, M.A., Fiering,ated by unidentified elements upstream of the LCR as
S., Enver, T., Martin, D.I.K., Kennedy, M., Keller, G., and Groudine,currently defined (compare Hispanic deletion with Hu-
M. (1998). Mol. Cell 2, 447±455.
man D LCR, Figure 1A). If so, one might predict the
Forrester, W.C., Takegawa, S., Papayannopoulou, T., Stamatoyan-
existence of mutations that cause thalassemia by re- nopoulos, G., and Groudine, M. (1987). Nucleic Acids Res. 15,
moving these elements but leaving the b-LCR intact; to 10159±10177.
date no such deletions have been described. Forrester, W.C., Epner, E., Driscoll, M.C., Enver, T., Brice, M., Papa-
In the absence of the mouse b-LCR not only is DNase yannopoulou, T., and Groudine, M. (1990). Genes Dev. 4, 1637±1649.
I sensitivity maintained but the b-globin genes are still Gross, D.S., and Garrard, W.T. (1988). Annu. Rev. Biochem. 57,
expressed in a tissue- and a quasi developmental stage± 159±197.
specific manner in differentiated ES cells. The mouse D Grosveld, F., Blom van Assendelft, G., Greaves, D.R., and Kollias,
G. (1987). Cell 51, 975±985.LCR removes all sequences homologous to the human
b-LCR, and although the mouse b-LCR has not been Grosveld, F., de Boer, E., Dillon, N., Fraser, P., Gribnau, J., Milot, E.,
Trimborn, T., and Wijgerde, M. (1998). Semin. Hematol. 35, 105±111.tested in conventional transgenic experiments, there is
Higgs, D.R., Sharpe, J.A., and Wood, W.G. (1998). Semin. Hematol.every reason to think that it would regulate gene expres-
35, 93±104.sion in a similar way to the human b-LCR. From all of
Kioussis, D., and Festenstein, R. (1997). Curr. Opin. Genet. Dev. 7,these observations Groudine and colleagues conclude
614±619.that, in its native environment, the b-LCR simply acts
Milot, E., Stouboulis, J., Trimborn, T., Wijgerde, M., de Boer, E.,as a ªlong-range erythroid-specific enhancer.º Other el-
Langeveld, A., Tan-Un, K., Vergeer, W., Yannoutsos, N., Grosveld,ement(s) that create the ªopenº chromosomal environ-
F. and Fraser, P. (1996). Cell 87, 105±114.
ment remain to be discovered and their role in regulating
Palmiter, R.D., and Brinster, R.L. (1986). Annu. Rev. Genet. 20,gene expression established.
465±499.
Ultimately, these new experiments have described the
Pazin, M.J., and Kadonaga, J. (1997). Cell 89, 325±328.
effects of the LCR in terms of general DNase I sensitivity,
Reik, A., Telling, A., Zitnik, G., Cimbora, D., Epner, E., and Groudine,the molecular basis of which is unknown. Despite many
M. (1998). Mol. Cell. Biol. 18, 5992±6000.
advances in the chromatin field over the last ten years,
Stalder, J., Larsen, A., Engel, J.D., Dolan, M., Groudine, M., and
these studies highlight the need for new tools to study Weintraub, H. (1980). Cell 20, 451±460.
the hierarchy and relationship between chromatin struc-
Stamatoyannopoulos, G., and Nienhuis, A. (1994). In The Molecular
ture and gene expression in vivo. Basis of Blood Diseases, G. Stamatoyannopoulos G., ed. (Philadel-
Does the b-LCR Play Different Roles in Its Normal phia: W. B. Saunders), pp. 107±156.
Location and in Transgenic Mice? Weintraub, H., and Groudine, M. (1976). Science 193, 848±856.
One could argue that the natural location of a gene
cluster has evolved to provide the optimal environment
for its expression so why should elements exist to en-
sure that it is correctly expressed elsewhere? Now that
homologous recombination can be performed efficiently
in mammalian cells, regulatory elements will more fre-
quently be analyzed in situ, concentrating on what they
actually do rather than what they can do.
If the recently reported effects of the LCR deletions in
situ are confirmed after germline transmission in mouse
models (an important caveat), some interpretations of
the prevailing LCR paradigm (Table1 and Figure 2A) will
change. However, these new findings do not directly
address or readily explain the effect of the b-LCR in
transgenic experiments. Classical enhancers, as origi-
nally defined in transient assays, do not overcome posi-
tion effects in transgenic mice and yet the LCR fragment
that directs position-independent expression (Figure
1B) does not appear to contain the element(s) that create
a DNase I±sensitive domain at the native locus. Either
creating such a domain is irrelevant to position-indepen-
dent expression, or LCRs have some redundant activi-
ties that only become apparent in the transgenic assay.
Understanding this will continue to be of considerable
interest and practical importance.
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